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ABSTRACT SUMMARY: Rapid prototyping techniques such as stereolithography allow for 
building designed tissue engineering scaffolds with high accuracy. In this work, a stereolithography 
resin based on poly(D,L-lactide) was developed. Biodegradable scaffolds with varying porosity were 
built from this resin. The scaffolds were analysed by μCT-scanning and compression testing. The 
porous structures showed excellent mechanical properties in the range of trabecular bone. 
INTRODUCTION: In tissue engineering, there is a need for scaffolds of well-defined architecture. 
Designed scaffolds with superior mechanical and cell seeding characteristics can be fabricated using 
rapid prototyping techniques. Of all rapid prototyping techniques, stereolithography (SLA) is the most 
developed method with highest accuracy. Its working principle is based on the spatially controlled 
solidification of a liquid prepolymer upon irradiation with a light source.  
Poly(D,L-lactide) (PDLLA) is a rigid, amorphous biodegradable polyester. It is strong and stiff and 
degrades to yield lactic acid. The polymer has been extensively applied in porous scaffolds suitable for 
bone tissue engineering. PDLLA can be crosslinked by (photo-initiated) radical polymerisation of 
oligomers functionalised with methacrylate end-groups. For application in SLA, a liquid photo-
crosslinkable system is required, which at room temperature can be achieved using a diluent. In this 
work, a PDLLA-based resin for SLA-application was developed and used to fabricate well-defined 
tissue engineering scaffolds of varying porosities. 
EXPERIMENTAL METHODS: Linear oligomers with hydroxyl end-groups were synthesised on a 
100 gram scale by ring opening polymerisation (40 hours at 130 °C under an argon atmosphere) of 
cyclic D,L-lactide, using hexanediol as an initiator and stannous octoate as a catalyst. Methacrylate-
functionalisation was performed by reacting the terminal hydroxyl groups of the oligomer with a 30% 
excess of methacrylic anhydride (MAAh) at 120 °C. After the coupling reaction, the excess of MAAh 
together with the formed methacrylic acid (MAA), was removed by vacuum distillation at the same 
temperature. 1H-NMR spectroscopy (Varian 300 MHz) was used to determine monomer conversion, 
oligomer molecular weight and degree of functionalisation. 
To formulate a stereolithography resin, the functionalised oligomer (macromer) was dissolved in N-
methyl-2-pyrrolidinone (NMP) to achieve the appropriate viscosity (18.4 wt% NMP for 10 Pa.s at 20 
°C). 3.9 wt% of ethyl-2,4,6-trimethylbenzoylphenylphosphinate (trade name Lucirin TPO-L from 
BASF) was used as a photo-initiator. To prevent preliminary crosslinking, 0.06 wt% 2,4-dimethyl-6-
tert-butylphenol, 0.06 wt% vitamin E and 0.06 wt% hydroquinone inhibitors were added. Also, 0.15 
wt% Orasol Orange dye was added. 
Porous structures were designed from assembled hollow cubes of edge lengths 825 μm. The porosity 
was varied by changing the ratio of pore diameter to wall thickness. The 5 x 5 x 5 mm structures were 
built using a commercial stereolithography apparatus (EnvisionTec Perfactory). With an xy-pixel size 
of 33 μm and a z-layer thickness of 25 μm, layers were irradiated at 2.0 W/dm2 for 7.5 s. The 
structures were built, post-cured, solvent-extracted and dried. Structural analysis was performed by 
micro-computed tomography (μCT) scanning in a GE eXplore Locus SP scanner operating at 6.5 μm 
resolution. Compression testing was performed on a Zwick tensile tester at 30% strain per minute. 
RESULTS AND DISCUSSION: The oligomer was synthesized at a 99.2% monomer conversion. 
The molecular weight was 1.1.103 g/mol. The degree of methacrylate functionalisation was 87%, as 
determined by comparing the methacrylate peaks (6.20 ppm and 5.63 ppm) to the hexanediol initiator-
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moiety (4.15 ppm) in the 1H-NMR spectrum (Figure 1). The small remnants of MAA 
and MAAh present in the macromer will also be incorporated into the PDLLA network. 
 
Figure 1: 1H-NMR-spectrum of the macromer 
 
58% porous 65% porous 68% porous 75% porous 
Figure 2: μCT-images of the structures with increasing porosity 
 
Figure 2 shows the μCT-visualisations of the built structures. At higher porosities, some imperfections 
are observed. In Table 1 the porosities and dimensions are given and compared to the design. The 
porosities as determined by μCT and apparent density measurements are in good agreement. Photo-
polymerisation and extraction of the diluent results in an overall shrinkage of the structures of about 
14%. 
 
Table 1: Porosity and dimensions of the scaffolds, comparing the design values to the actual values 
measured by μCT and apparent density measurement 
POROSITY     
design 58.2% 66.6% 74.6% 82.3% 
μCT 58% 65% 68% 75% 
apparent density 58% 65% 69% 75% 
DIMENSIONS     
external diameter (mm) design 5.31 5.25 5.18 5.12 
μCT 4.58 4.53 4.38 4.36 
pore diameter (mm) design 0.46 0.53 0.59 0.66 
μCT 0.39 0.44 0.45 0.54 
wall thickness (mm) design 0.36 0.30 0.23 0.17 
 μCT 0.32 0.27 0.23 0.16 
 
The scaffolds were tested in compression in the building direction of the stereolithography process. As 
depicted in Figure 3, all scaffolds show similar stress-strain profiles. After linear elastic behaviour, the 
PAPER contribution for the 10th European Symposium on Controlled Drug Delivery 
* required 
**optional, but recommended 
 
specimens yield at 5-7% strain. The yield point can be determined by intersection 
tangents to the curve. This yielding corresponds to the collapse of one row of pillars in 
the construct as depicted in Figure 4 (left). After this yield point, the stress slowly 
increases as following rows collapse. The lowest-porosity scaffold was also tested perpendicular to the 
building direction; this showed deviating mechanical behaviour. Figure 4 demonstrates the difference 
in deformation. Apparently, connections within a layer are stronger than connections between 
different layers. 
 
Figure 3: Left: stress-strain diagram of the cubic scaffolds tested under compression. Right: Log-log 
plot of Young’s modulus and yield stress vs. polymer volume fraction 
 
 
Figure 4: Scaffolds compressed with 450 N (approximately 22 MPa) in the building direction (left) or 
perpendicular to the building direction (right) 
 
The modulus and yield stress are plotted against the polymer volume fraction (1 – porosity) in a log-
log plot in Figure 3 (right). Both could well be fitted (R2 = 0.99) with a power law. The intercept 4.3 
GPa for the modulus corresponds to the bulk compressive modulus of densely crosslinked PDLLA. 
These porous scaffolds have superior mechanical properties when compared to scaffolds made using 
traditional polymer-processing techniques, such as porogen leaching or gas foaming. Photo-
polymerised, salt-leached PDLLA scaffolds of 75% porosity show a compressive modulus of 23 MPa, 
compared to 63 MPa for the SLA-built PDLLA structure of 75% porosity. Stress at 5% strain (near the 
yield point) is 0.6 vs. 2.4 MPa. Values reported for the modulus of trabecular bone vary from 10 to 
1000 MPa[1], which can be attained with SLA-built PDLLA scaffolds by varying the porosity. 
CONCLUSION: A stereolithography resin based on poly(D,L-lactide) was developed and used to 
build highly regular, pre-designed, biodegradable scaffolds with varying porosities. Their mechanical 
properties strongly depend on the porosity, and can be adjusted in a predictable way. 
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